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In this work a one-pot synthesis of water soluble glutathione capped magnetite nanoparticles is 
reported. The magnetic characterization of the samples shows the expected superparamagnetic 
behavior, but a wide range of blocking temperatures is found, since the size and interparticle 
interactions are very sensitive to preparation conditions. These properties are correlated with the 
glutathione-iron ratio and oxidant dose, in order to optimize the aqueous colloidal stability and 
magnetic properties of the superparamagnetic iron oxide nanoparticles for Magnetic Resonance 
Imaging applications. The efficiency of the glutathione coated nanoparticles as contrast agent is then 
evaluated by means of the determination of the relaxation times T1 and T2 in 1H Nuclear Magnetic 
Resonance experiments. Moreover, the influence of the thickness of the glutathione capping layer on 
the colloidal stability and, thus, on relaxation times has been studied. Finally, the relaxitivity of the 
sample that shows the best performance has been determined.  
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 Original and simple chemical synthesis for obtaining water soluble biocompatible 
magnetic nanoparticles.  
 Study of their properties (size, magnetic, MRI  contrast agent) from preparing conditions 
(glutathione- iron ratio). 
 Analysis of the colloidal stability in terms of the thickness of capping gluthatione layer. 
Keywords: 
Magnetic nanoparticle, superparamagnetism, MRI contrast agent, colloidal solubility, 
nanoparticle interaction, glutathione.  
Ackowledgements   
The authors acknowledge the financial support of the Innovation and Science Ministry 
(PN/PETRI/PR/2007-019) and the Ministry of Economics and Competitiveness (PI16/00784). We 
would like to thank the Core Science and Technology Research Facility of the University of Cadiz 




Magnetic nanoparticles (NPs) have been widely investigated and utilized in the last decades [1-4], 
due to their different applications in different fields such as, biotechnology [5], catalysis [6], 
wastewater treatment [7], optoelectronic [8] and biomedicine [9,10]. Specifically, in the field of 
biomedicine, applications for protein immobilization [11], as hyperthermia agents for cancer therapy 
[12,13], for drug delivery [3], and as contrast agents for Magnetic Resonance Imaging (MRI) [14-17] 
has been proposed. Particularly, iron oxides, and especially magnetite (Fe3O4) NPs, are the most 


































































Magnetic Resonance Imaging (MRI) is a non-invasive clinical diagnostic technique with a high 
spatial resolution that is extensively used for anatomical imaging of soft body tissues [18,17]. In 
recent years, MRI has been used for tracking and monitoring cells in vivo [19]. However, this 
technique requires the use of contrast agent to enhance the differences between damage and normal 
tissues. In the case of tracking applications, cells must also be labeled with these MRI contrast agents. 
Small molecular paramagnetic gadolinium complexes have been extensively used for positive 
contrast, because these complexes act as longitudinal relaxation time (T1) contrast agents [18]. In this 
sense, improved relaxivities rates (𝑟𝑖 =
1
𝑇𝑖
⁄ ; 𝑖 = 1,2) have been reported for Gd complexes confined 
into porous media [20]. Anyway, the possibility to use other systems based on polymers [21], micelles 
[22] and hydrogels [23] have been studied in order to improve the technique, increasing the contrast, 
the sensibility and the duration of the signal for long-term in vivo measurements [18].  
On the contrary, superparamagnetic iron oxide nanoparticles (SPIONs) are used in MRI as 
transverse relaxation time (T2) contrast agents since, in addition to their low toxicity and 
citocompatibility, they show excellent magnetic properties [24-27]. Specifically, the presence of 
SPIONs shortens the transverse relaxation time of surrounding water protons, leading to a decrease 
of the MRI signal (negative contrast agents). Normally, NPs biomedical applications require a high 
hydrophilic character together with the possibility of their conjugation with biological species 
[18,28]. Additionally, the colloidal stability of SPIONs may constrain their applications in MRI. For 
this application, NPs are required to show aqueous stability, high crystallinity and a narrow size 
distribution. If SPIONs are appropriately coated, hydrophilic and stable NPs can be obtained, 
preserving their superparamagnetic behavior. The correct functionalization process increases the 
colloidal stability of SPIONs and, consequently, enhances its possibilities as MRI contrast agents 
[29]. Therefore, this functionalization allows for the subsequent bioconjugation and aids in preventing 


































































We have previously reported [34] about the cytotoxicity of different NPs coated with glutathione 
(GSH), a tripeptide that bounds the NP surface by means of the thiol group contained in its structure. 
Even in the case of Quantum dots (QDs) with a potential toxic core, we concluded that there was no 
significative increase in cellular death when NP was present, due to the GSH entirely covers the 
surface of the NP. On the other hand, we have also reported the efficiency of GSH capping 
demonstrating that, after capping, the GSH molecule retains the capability of linking to biological 
species and also the ability for specifically links [35,36].  
The purpose of the present work it is to obtain highly stable magnetite NPs in aqueous medium by 
using GSH as stabilizing specie, due to its hydrophilic and biocompatible character. Although several 
different one pot synthetic routes have been proposed to prepared water soluble magnetite 
nanoparticles, in this work we present a one pot facile route based on a precipitation reaction at 
relatively low temperature and at atmospheric pressure, to obtain directly functionalized magnetite 
NPs. These NPs are “in situ” capped with GSH, a biocompatible molecule with amino and carboxylic 
terminal groups for subsequent crosslinking processes [37] [38] [39]. The influence of synthesis 
additives on the size and polydispersivity of the NPs and thus, on the magnetic properties of magnetite 
NPs, is studied. Finally, for the application proposed, the efficiency of these SPIONs for T2-weighted 
MRI applications was also evaluated from relaxation Nuclear Magnetic Resonance (NMR) 
experiments.   
2. EXPERIMENTAL 
 
2.1. Synthesis of NPs 
 
For the preparation of SPIONs we have designed a synthesis method based on the thermal 


































































NP and to control its final size. All the chemicals, iron (III) chloride (FeCl3), sodium hydroxide 
(NaOH), diethylene glycol and reduced glutathione (GSH), were purchased from Sigma-Aldrich 
(analytic grade), and used as received. MilliQ water was used for all experiments.  
The synthesis of GSH-Fe3O4 NPs was carried out in two steps. The first step consisted on the main 
thermal decomposition reaction. In brief, 0.55 g of FeCl3, used as iron precursor, was dissolved into 
15 ml of diethylene glycol, used as solvent. The obtained solution was then placed in a 500 ml three-
necked flask, where the GSH used as capping agent was added. Different GSH:Fe molar ratios have 
been used (1:6; 1:7,5; 1:9 and 1:14), in order to study the influence of the GSH proportion on size 
and on magnetic properties of the final magnetite NPs. The solution was heated at 200 ºC under reflux 
in a nitrogen atmosphere, in order to promote the thermal decomposition of iron salt.  
In a second step, after heating the above solution under reflux for 30 minutes, an oxidizing agent 
is added to promote the controlled co-precipitation and formation of magnetite NPs. As oxidizing 
agent, we have used a NaOH solution, previously prepared by heating 20 g of NaOH and 20 ml of 
diethylene glycol at 120 ºC under reflux in a nitrogen atmosphere for one hour. After this time, the 
solution is cooled at 70 ºC and stored at this temperature.to be added to the solution containing the 
iron precursor.  Different volumes (4, 8 and 10 ml) of this NaOH solution, stored at 70 ºC, have been 
used to study the effect of its concentration on the NPs properties. Once the NaOH was added, the 
total solution was heated for 10 minutes, keeping the temperature at 200 ºC.  
After cooled at room temperature, the obtained solution was filtered three times (using a 0.1  
Millipore membrane), after precipitation with ethanol, in order to eliminate the excess of precursor 
species and/or residues from the reaction present. As result, we obtained Fe3O4 NPs capped with GSH 
molecules (GSH-Fe3O4 NPs) that can be easily solved in aqueous solution due to the hydrophilic 


































































As mentioned before, different series of samples were obtained by changing: the Fe:GSH ratio 
(from 1:6 to 1:14) and the volume of NaOH oxidizing solution (4, 8 and 10 ml). For the sake of 
clarity, samples were labelled (as shown in table 1) as a function of experimental parameters through 
the code GXY, where X refers to the added GSH moles per mol of Fe and Y represents the volume 




Fe:GSH molar ratio Sample Code 
 1:6 G6L 
Low (4ml) 1:7.5 G7.5L 
 1:9 G9L 
 1:7.5 G7.5M 
Medium (8ml) 1:9 G9M 





Table 1: Codes used to name the NPs samples prepared and the corresponding synthesis conditions: GSH:Fe molar ratio and the 




Structure and chemical composition of the NPs were first inspected. Crystalline Phase 
identification of nanoparticles was performed by X-Ray Diffraction (XRD) in a Bruker D8 Advance 
diffractometer using CuKα radiation in the 15-65º angular range. Crystallite average sizes were 
evaluated from the main magnetite (311) diffraction peak, by using the Scherrer formula with constant 


































































integral breath, considering the width of a square topped profile with the same total area and height. 
ICP (Inductively Coupled Plasma-atomic emission spectrometry) analyses have been performed in 
order to determine the iron content of NPs.  
The shape, size and distribution of NPs were studied from images taken by Transmission Electron 
Microscopy (TEM), using a JEOL2011, and Atomic Force Microscopy (AFM), using a Veeco 
Multimode Nanoscope IIIa microscope in tapping mode with antimony (n) doped Si probes (Bruker 
RTESP), in air. A similar procedure was followed for the sample preparation in both techniques. 
Initially, the NPs were dispersed in MQ water. Different concentrations of solutions were prepared 
to study its effect on image quality correspondingly. Then, the optimal solution was subjected to 
sonication for 15 minutes to improve the dispersion of the particles in the solution and avoiding 
aggregation. Finally, a single drop was deposited into a holey carbon copper grid and a freshly cleaved 
mica substrate for TEM (10 L) and AFM (50 L) analysis respectively. Finally, a similar drying 
process was performed for both techniques by heating at 50 ºC in air. Tens of micrographs around 
the whole grid area (similar to those shown in fig 3) were employed in the TEM diameter size 
analysis.  The nanoparticle size estimation was performed by using the free software Digital 
Micrograph.  A standard procedure based on the estimation of NPs diameter through the correlation 
with the known size of the scale bar in every analyzed picture was followed. No less than 100 hundred 
nanoparticles were analyzed per sample. Regarding to AFM analysis, the free software Gwyddion 
[40] was used for the analysis of the images, starting with the correction of any artifacts. Then, the 
nanoparticles were marked with a mask, setting a threshold height of 2 nm and rejecting any particle 
appearing close to image edges. Once the nanoparticles are located in the AFM images, the statistics 
of their equivalent diameter of the nanoparticles (considering them as spherical and so, circles in the 
2D image) were obtained using the tool “grain distribution”, also provided by the software Gwyddion. 
A total number of 20 images (scan size 1x1 µm2) were used in the analysis of sample G9M and 410 


































































The hydrodynamic size of optimal samples, as well as the Z-Potential value, were studied by 
Dynamic Light Scattering (DLS) technique by a Zeta Nanosizer using a 1 cm path cell, at 25 ºC. The 
samples behavior was measured in a colloidad PBS solution. 
Magnetic properties of the synthesized nanoparticles were checked by the measurement of the 
magnetization curves at room temperature (Oxford Instruments Magnetic Faraday Balance) and the 
ZFC-FC (zero field cooled/field cooled) curves (Vibrating Sample Magnetometer Form Cryogenic 
Ltd.).  
1H-NMR (Nuclear Magnetic Resonance) experiments were performed at 25ºC in a field of 14.1T 
from a Varian Agilent 600 with 5 mm probes. The Larmor frequency for 1H was 600MHz. For a 
preliminary assessment of the potential of iron oxide nanoparticles (IONP) as MRI contrast agents, 
the longitudinal (T1) and transverse (T2) relaxation times were measured for each sample. For T1 
determination, a standard inversion recovery (IR) pulse sequence was used with a 180º square RF 
pulse followed by a RF 90º after a characteristic time (inversion time, TI) to record the magnetization 
recovery. T1 was calculated from the evolution of the proton signal along the static field for different 
inversion times (50 - 6400 ms) which characterize the spin-lattice relaxation. 







For T2 determination, a multi-echo spin echo CPMG sequence (Carr-Purcell-Meiboom-Gill [41]) 
was used with a π pulse in xy plane after the 90º pulse, which leads to spin refocusing and echo 
formation. Neglecting pulse imperfections, the echo tops will diminish in intensity due to coherence 
losses between spins, that is, spin-spin relaxation characterized by T2. The π pulses refocus the 
inhomogeneous T2 (T2*) related to the varying magnetic field experienced by the sample and other 
non-random effects. So the spin-spin relaxation follows an exponential decrease:  







































































For this measurement, a relevant parameter is the echo time (TE) elapsed from the RF 90º-pulse 
until the echo. Two different values of TE were used, typically 1 and 2ms. 
 
3. RESULTS AND DISCUSSION  
 
3.1 Structural characterization 
 
As mentioned above, we have evaluated the effect of two synthesis parameter on the 
morphological and structural characteristics of the NPs obtained dose. Specifically, Fe:GSH molar 
ratio and oxidizing agent dose were examined. First, the effectiveness of the oxidation process, that 
takes place on the formation of magnetite crystalline phase, was evaluated by using different volumes 
of NaOH solution. Figure 2 shows the XRD patterns obtained at room temperature, for G6L, G9M 
and G14 H, respectively. It can be noticed that, all the studied samples present the characteristic 
diffraction peaks of magnetite phase at 35.5 (311), 62.6 (440), 57.0 (511), 30.1 (220), 43.1 (400). 
However, it was observed that, as increasing the dose of oxidizing agent, peaks become more intense 
and narrower. This effect can be associated to the presence of greater nanocrystals and it is 
particularly remarkable when increasing the NaOH dose from L to M. Alkaline condition (for pH 
value close to 10) is preferred during synthesis as it can provide electrons. The fast addition of NaOH 
is crucial to provide hydroxyl groups, provoking the formation of homogeneous magnetite nuclei. 
However, larger particle size resulted from adding excess of  NaOH [38]. The excess alkalinity 
provided by the hydroxide ions promoted the acceleration of hydrolysis, leading to the growth of 
magnetite NP cores [42]. This can be the reason for the increase in the NP diameter when the 
oxidizing dose is increased from L (4 mL) to M (8 mL). There is not a clear influence of the NaOH 
concentration on the NP size for concentrations higher than 8 mL, probably already in excess. 


































































evaluated from TEM images. This can be justified by the fact that the evaluation from the XRD peak 
width is most affected by the largest crystals, being a volume average size while the analysis by TEM 
is number average size [43].  
The percentage of iron was evaluated through ICP technique and, assuming that magnetite is the 
only existing crystalline iron oxide phase, the magnetite fraction (% MGT ICP), shown in Table 2 , 
was calculated. The GSH content of the capped NPs (% GSH ICP) is around 30-40% in most of the 



















G6L 67,99 68,35 32,01 31,65 3,90.2 5.3 4.46 4.24 
G7.5L 63,29 63,60 36,71 36,40 3,20.2  5.23  
G9L 67,03 65,58 32,97 34,42 3,50.2  3.87  
G7.5M 70,62 77,56 29,38 22,44 5,80.7  5.96  
G9M 57,21 78,18 42,79 21,82 6,00.9 9.1 6.87 6.56 
G14M 67,58 78,32 32,42 21,68 6,10.8  8.35  
G9H 41,18 75,53 58,82 24,47 5,30.5  6.29  
G14 H 71,72 84,30 28,28 15,70 8,81.2 9.2 9.91 9.70 
 
Table 2: Magnetite MGT and GSH weight percentages obtained from ICP analysis and the estimated percentages by the 
simplified model described in the text are shown. Average NP sizes evaluated from TEM micrographs (DTEM) , XRD pattens (DXRD) 
and calculated from magnetic measurements (DBF and DZFC) are also shown.  
 
The morphology of MGT NPs was inspected by TEM (figure 3). As it can be observed, the higher 
atomic weight of iron gives a good contrast and the concentration of NPs enables a statistical count 
of the size distribution. In this sense, micrographs reveal the formation of relatively small 
nanocrystals with homogeneous size distributions that are well fitted to a Gaussian function (figure 


































































(see Table 2). A clear increment in NP average size is observed when the volume of added NaOH is 
increased from low (3.2-3.8 nm) to medium (5.8-6.1 nm). In these cases, no net effect in size of GSH 
molar ratio is noticed. A further increase in NP size is only achieved under a larger NaOH volume 
(10 mL) and lower GSH:Fe molar ratio (8.8 nm), showing that this combination results in the highest 
NP average size and wider size distribution. The width of the distributions follows a similar behavior. 
In fact, samples for figure 3 were chosen as representative for one of the three size ranges that we 
have obtained. 
These TEM NPs sizes can be used for the estimation of the number of GSH molecules surrounding 
the magnetic core. With this purpose, a simple model described elsewhere [35] is employed. This 
model is based on the assumption of a spherical Fe3O4 core covered by a single layer of GSH 
molecules linked through the thiol group and forming a spherical crown of variable density. Thus, 
the estimated values of the GSH percentage, shown in Table 2 (% GSH (estimated)), can be compared 
to the experimental ICP values and, then, the deviation from this GSH monolayer model can be 
inferred. For the smallest NPs, we found a good agreement between experimental and calculated GSH 
percentages, confirming the validity of this GSH monolayer model. However, as the NPs size 
increases, the experimental GSH proportions are considerably higher than those predicted by the 
model. These deviations can be explained considering that these NPs are surrounded by more than 
one GSH layer or assuming that the relaxation of steric hindrance in the larger particles allows a 
higher GSH density in the layer. This increase in the layer GSH density will affect the colloidal 






































































3.2: Magnetic characterization 
 
Magnetic behavior of the samples was initially checked by measuring the magnetization curves at 
room temperature with the Faraday Balance applying magnetic fields of up to 0.6 T. For the sake of 
clarity only the magnetization curves of three samples (G6L, G9M and G14H) that covers the full 
range of size and magnetization values are shown in figure 4(a). These curves have been fitted to 
Langevin equation (Eq.3). 








where MS is the saturation magnetization, µ0 is the vacuum magnetic permeability, kB is Boltzmann 
constant, V is the volume of the nanoparticles, H the applied magnetic field and T the temperature. 
To simplify this initial analysis a single average volume has been considered in Eq.3 and, since the 
particles are essentially spherical, V =  πD3/6. The average diameter values obtained from the fits of 
Eq.3 are shown in Table 2 as DBF being, in general, consistent with the values calculated from TEM.  
 
Figures 4 (b)-(d) show the ZFC/FC magnetization curves for the same samples at 50 Oe (H ≈ 
3979 A/m). These ZFC curves have been fitted to the following function: 







by using an iterative method based on the Levenberg-Marquardt algorithm developed with the open 
source numerical analysis software Scilab [44]. Here, the first term represents the contribution to the 
total magnetization due to the fraction of NPs which are superparamagnetic (SPM) for each 
temperature (i.e., those NPs with a volume below a certain critical value [45] Vc = 25 kB T / K, where 


































































blocked at each temperature (i.e., those for which V >Vc). The volume distribution f(V) is converted 
to the diameter (size) distribution, f(D), that is supposed to be log-normal and then given by: 






]  Eq.5 
 
The median α and the standard deviation β are the first two free parameters used for the non-linear 
fitting of M(T) ZFC curves. From these two parameters, the expected value for the diameter of the 
NPs is given by: 





And the variance is calculated as: 
𝜎2 = ?̅?2 (
?̅?2
𝛼2
− 1)  Eq.7 
 
The magnetization of the SPM fraction of NPs in Eq.4 is given by the Langevin function (Eq.3).On 
the other hand, the magnetization for the NPs that are blocked at each temperature is given by the 
low-field approximation of the Langevin function, equivalent to the Curie law: 





It is also supposed that the spontaneous magnetization, MS, depends on temperature as: 
𝑀𝑠(𝑇) = 𝑀𝑠(0)(1 − 𝑓𝑇
3/2) Eq.9 
Where f is also a free parameter for the non-linear fitting of the ZFC curves M(T). Finally, to obtain 









































































In this relationship, the coefficient n is 2 for uniaxial anisotropy and 4 for cubic anisotropy. Given 
the fact that the NPs are made of magnetite, a cubic crystal, one should expect this value to be 4 in 
our case. However, the ZFC curves are better fitted with a value of n  2, probably because of the 
shape anisotropy (the NPs are not perfectly spherical) that makes them essentially uniaxial, from the 
point of view of the magnetic anisotropy [46]. This may be understood as a consequence of shape 
anisotropy. For relatively large nanoparticles, even a small deviation from perfect sphericity would 
allow the shape anisotropy to dominate over magnetocrystalline anisotropy, since the nanoparticles 
should be considered as spheroids, and then, the spontaneous magnetization vector would tend to 
align at zero field along the larger axis (easy axis) of the oblate or prolate spheroids, following the 
Stoner-Wohlfarth model [47] [48]. 
In order to obtain more physically reasonable fitting parameters, as well as the best fitted curves, 
a 3-step non-linear fitting process was applied for all the ZFC curves studied. In the first step, only 
the parameters α and β were obtained, while the temperature dependences of the spontaneous 
magnetization and the magnetic anisotropy (Eq.9 and Eq.10) were not considered. In a second step, 
the temperature dependence of the spontaneous magnetization is taken into account and the value of 
parameter f is thus obtained, while previously obtained parameters α and β are allowed to change by 
±10%. Finally, the temperature dependence of the magnetic anisotropy is also considered during the 
fitting process while previously obtained parameters α, β and f are kept within a ±10% range of their 
previous values. The values of ?̅? deduced from Eq.6 are similar to those found from room temperature 
magnetization curves and follow a similar trend to that shown by the values deduced from TEM, as 



































































3.3 NMR Relaxation times 
 
For a preliminary assessment of the SPIONs as MRI contrast agents, the longitudinal (T1) and 
transverse (T2) relaxation times were measured for each sample. First, NMR experiments were 
performed on 0.43mM solutions of a series of samples that were selected according with the better 
stability of the aqueous suspension. For that concentrated suspensions of NP were diluted in nanopure 
water with a 20% of deuterium oxide, in order to avoid saturation of the proton signal. Figure 5 shows 
the time plots for the longitudinal magnetization (Mz) recovery and the transverse magnetization 
(Mxy) relaxation measured for some samples selected. The best curve fitting of the experimental 
results according to Eq 1 and 2 are also displayed. It should be pointed out that the most relevant 
processing parameter for the relaxation behaviour of the samples is the glutathione ratio used. We 
find that samples with a 1:9 ratio lead to a faster recovery and relaxation, respectively, but the use of 
different NaOH content (Low, Medium, High) leads to very slight differences in the relaxation 
process (figure 5b).  The characteristic relaxation parameters evaluated from the fitting curves of the 
figure 5 are presented in table 3: 
Sample T1 (s) T2s*(ms) T2*(ms) T2(ms)TE2 T2(ms)TE1 
G7.5M 5.85 9.1 9.5 70.6 70.9 
G9L 1.87 15.7 15.4 19.72 19.90 
G9M 1.71 13.9 13.8 15.9 16.1 
G9H 1.66 20.7 20.3 29.1 29.4 
G14M 5.45 12.9 16.0 67.39 74.4 
 
Table 3. Magnetic relaxation times calculated for selected samples: T1 is the longitudinal relaxation time calculated from 
magnetization recovery, T2 is the transverse relaxation time calculated from magnetization decay for 1ms (TE1) and 2 ms (TE2) echo 



































































Calculated T1 times range from 1.7-5.9 s and T2 times vary from 16.1-14.4 ms, being in both cases 
shorter for suspension of NP G9M as pointed out from Figure 5.  
Given that the relaxation rate enhancement is related to the proton diffusion through the magnetic 
gradient due to the nanoparticles, the larger TE, the longer will be the path through different 
environments inducing coherence loss between them. Then, the faster the relaxation process would 
be expected for TE=2ms. However, no significant differences are showed between transverse times 
measured with 1ms and 2ms echo time, for the same sample. 
Table 3 also shows the inhomogeneous relaxing time, estimated from the FWHM of the 1H-NMR 
signal, which was measured both with the probe stopped (T2*) and spinning at 20Hz (T2s*) for 
homogenization. Thus, comparison of these two values gives us an indication of the suspension 
uniformity in the probe. Additionally, the ratio between T2* and T2 tell us about the significance of 
the local field inhomogeneities on the transverse relaxation. Comparison of data in the Table 3 for 
the different samples reveals that these parameters are similar for the solutions of nanoparticles 
synthetized with a 1/9 GSH ratio that, in consequence, should be the more homogeneous. Conversely, 
solutions of NP with 1:7.5 or 1:15 GSH ratios exhibit larger discrepancies between T2* and T2 mainly. 
For that reason, sample G9M in particular was used for further relaxation analysis. This sample shows 
a relevant deviation between the GHS/MGT ratio between ICP measurement and proposed model 
prediction. This fact can be ascribed to the presence of more than one layer in the GSH crown 
surrounding the magnetic core. Thermogravimetric analysis of G9M from 60-780ºC revealed a 37% 
total weight loss. This weight loss is in better agreement with the ICP result than the model estimation, 
then supporting the postulate of multi-layer GSH covering. 
Figure 6 shows the 1 µm × 1µm AFM image of the sample G9M and the size distribution obtained 
from a set of similar AFM images. This distribution shows an average size larger than the one 
obtained from TEM images. This difference in the estimation of the NPs size is probably due to the 


































































visible in TEM images. Then, the TEM size is essentially the magnetite core size. Further 
characterization of the G9M sample led us to analyze the hydrodynamic size distribution by DLS 
technique (shown in fig 7). The fitting of the experimental data to a lognormal function, provides an 
average hydrodynamic size of 66.6 nm (Figure 7). As expected, the hydrodynamic size of NPs, 
determined by the DLS technique, is significantly higher in comparison with the one obtained by 
TEM or AFM. This effect is not only assigned to the GSH layer, but also to the presence of extra 
hydrate layers in aqueous medium. In addition, some agglomeration of the nanoparticles in aqueous 
solutions is expected due to the magnetism of magnetite NPs [49]. However, this average 
hydrodynamic size indicates a colloidal stability appropriate for biomedical applications, 
corroborated by the PDI value (inset) that evidences a low-moderate dispersion; and by the relatively 
high value of the Z-potential. In addition, the negative value of the Z-potential suggests that the GSH 
carboxylic groups are rather oriented outward.   
The effect of the excess of GSH surrounding the cores on the relaxation processes was evaluated 
by the comparison of samples after a number of final washing cycles with PBS. In particular, we 
investigated the relaxation processes in solutions of G9M NPs processed with 0, 2 and 4 washing 
cycles. Additionally, we studied the effect of performing a final washing step in distilled water 
(indicated as +1 at the end of the sample code). The characteristic relaxation times for this series are 
collected in table 4. 
Code T1 (s) T2*_(ms) T2(ms)TE2 T2(ms)TE1 
G9M_0w 1.75 8.1 9.7 9.8 
G9M_2w 3.48 5.5 21.4 23.4 
G9M_4w 3.54 22.7 245 302 
G9M_3w+1 5.45 19.0 610 819 
G9M_4w+1 5.83 31.3 567 814 
Table 4: Relaxation parameters of sample G9M subjected to n washing cycles in PBS, as indicated in the code by G9M_nw. 



































































It can be inferred from the results that, on washing the sample, the relaxation behaviour is worsen, 
since the relaxation rates decrease, particularly 1/T2. This trend is even more accentuated when the 
final washing step in distilled water is done. The effect can be related with a decrease of the NP 
stability in aqueous-suspension with the washing steps number, as it is revealed by the strong 
divergences between T2 and T2* and a major effect of the echo time used. This term was confirmed 
by ICP analysis of the NMR solutions that showed a lower NPs concentration than expected as a 
consequence of its partial precipitation during the experiment. 
At this point, the analysis of the constant-field M(T) experiments may be of help to explain this 
behaviour. Figure 8 shows the ZFC curves for G9M samples processed with 0, 2 and 4 washing 
cycles. As the number of washing cycles increases, the blocking temperatures also increase, as a 
consequence of the enhancement of the interparticle interactions [50] when the GSH capping layer is 
reduced. 
In view of these results, we selected sample G9M_0w from those analysed as more suitable for a 
first relaxivity measurement in aqueous medium, as a preliminary evaluation of its efficiency as a 
contrast agent. Relaxivity (ri) measures the increase of the water (longitudinal or transverse) 
relaxation rate when 1 mM of paramagnetic (superparamagnetic, in our case) substance is present. 
Thus, for the estimation of the relaxivity of our sample, we analysed the effect of NPs concentration 
on the relaxation rate, using different concentration ranges. As a general trend, we found a strong 
decrease of both longitudinal and transverse relaxation times with the superparamagnetic component 
in any case, as it was expected.  
For the estimation of relaxivities of NPs, as an evaluation of its performance as a contrast agent 
for MRI applications, we measured the evolution of the relaxation rates (1/T1 and 1/T2) with the NPs 











































































We observed that the slope of this linear trend changes depending on the range of concentration 
analysed. In fact, a slope change was found for a concentration near 0.2mM, which has been also 
found for other samples studied. Consequently, for the relaxivities estimation, we choose a 
compositional series in the lower concentration range, ranging from 0.06mM to 0.32mM, which 
would be more adequate for biomedical applications, in order to minimize toxicity effects. Figure 9 
(a) presents the relaxation plots for the different concentrations of G9M NPs, as indicated in the 
legend, measured with TE=2ms. It is evident that, as NPs concentration increases, transverse 
relaxation gets faster. In fact, the plot of the resultant transversal relaxation rate versus Fe 
concentration (Figure 9 (b)) follows a linear trend in this range. From the slop of this linear fit, a 
transverse relaxivity of 92.7mM-1s-1 is found. This value is in good agreement with those reported for 




































































This work shows a one-pot chemical route for the synthesis of GSH capped iron oxide NPs to be 
used as a contrast agent in MRI. Nanoparticles thus obtained exhibit homogenous sizes below 10 nm 
and a hydrophilic behavior. Moreover, NPs size can be easily tuned by means of the synthesis 
parameters, and a clear increase of the NPs size is found when a larger amount of the oxidizing agent 
(NaOH) was added for precipitation. The potential use of these NPs as contrast agents was evaluated 
through their magnetic behavior and by means of their magnetic relaxation kinetics. The sample that 
would show the best performance as a MRI contrast agent (i.e., the one with the lowest relaxation 
times), has a magnetite core size of 6 nm and a GSH weight percentage larger than 40%. This more 
populated GSH capping layer, together with the small core size, leads to a stable NPs aqueous 
suspension where interactions between NPs are minimized, producing a homogeneous magnetic 
environment. As an additional proof of these conclusions, the effect of reducing the GSH content in 
the capping layer by washing the NPs with PBS, was analyzed. This reduction leads to an increase in 
relaxation times and superparamagnetic blocking temperatures, which are related to a poorer stability 





































































This research was supported by the Innovation and Science Ministry (PN/PETRI/PR/2007-019) 
and the Ministry of Economics and Competitiveness (PI16/00784) of the government of Spain. 
Author contributions 
J. J. Beato.-López. performed all chemical synthesis, TEM characterization and magnetic 
measurements of prepared samples and interpretation of structural characterization. M. Dominguez. 
took part in AFM characterization of samples and the interpretation of magnetic measurements. M. 
Ramírez del .Solar performed measurements related with NMR and in its interpretation. R. Litrán. 
carried out in XRD measurements, and performed the interpretation of the effect of reagents in 
subsequent properties of NPS, in the interpretation of ICP results and effect of GSH in solubility and 
finally in the writing of the paper.  
Availability of data and materials 
The datasets used and/or analysed during the current study are available from the corresponding 
author on reasonable request 
Compliance with ethical standards 
Conflict of Interest 





































































Figure 1: Experimental synthesis procedure for the preparation of GSH-Fe3O4 NPs 
Figure 2: XRD patterns registered at room temperature, for samples G6L, G9M and G14 H. 
Diffraction angles corresponding to magnetite phase are marked with dash lines. 
Figure 3: TEM micrographs obtained for G6L, G9M and G14H samples, as well as their 
corresponding Np size histograms. Continuous lines correspond to the best fitting Gaussian functions 
of the size distributions. 
Figure 4: (a) Magnetization curves of the samples G6L, G9M and G14H at room temperature 
measured with Faraday Balance.  ZFC/ FC curves and their respective fitting for the samples: (b) 
G6L, (c) G9M and (d) G14H. 
Figure 5: (a) Longitudinal magnetization recovery and (b) transverse magnetization relaxation as 
a function of time for time for samples (indicated in the legend) processed with diverse NaOH dose 
and GSH ratio. 
Figure 6: 1 µm × 1µm AFM image of G9M sample and size distribution obtained from a set of 
AFM images. 
Figure 7: Hydrodynamic size distribution by DLS technique for sample G9M. 
Figure 8: ZFC curves for G9M samples processed with 0, 2 and 4 washing cycles. 
Figure 9: (a) Transversal magnetic relaxation of different solutions of G9M NPs with the 
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